lipopolysaccharide and interleukins, resulting in M1 and M2 macrophages, respectively) has a known association with marked alterations in cellular metabolism. [12, 13] These alterations can ideally be followed using metabolomics, as this approach permits the unbiased and simultaneous detection of a wide range of cellular metabolites in response to a stimulus, including nanoparticles. [14] High resolution nuclear magnetic resonance (NMR) is an exquisite and extremely powerful tool for metabolomics, despite its inherent sensitivity limitations. NMR shows unparalleled analytical reproducibility and imparts the ability to obtain unequivocal structural and quantitative information on metabolites involved in central metabolic pathways. NMR-based metabolomics is well established in disease profiling and drug development studies, [15] and the literature reporting the use of this technique for assessment of cellular responses to nanoparticles continues to increase (reviewed by Lv and co-authors). [16] However, the metabolic responses of macrophages to nanoparticles are poorly characterized and, to our knowledge, the only previous study examining macrophage metabolomic changes was conducted with ultrasmall iron oxide nanoparticles). [17] Here, we use NMR metabolomics to assess the impact of different nanoparticles on macrophage metabolism, to uncover nanoparticle-induced metabolic activation profiles. For this study, we have selected three types of nanoparticles [made from silk, poly(lactic-co-glycolic acid) (PLGA), or silica] with diameters within a 100-125 nm size range; these types of nanoparticle are presently at various stages of preclinical and clinical development for biomedical applications (e.g., solid tumor targeting, smoking cessation [2] ). While silk nanoparticles have been recently proposed as promising drug delivery platforms, [18] nanoparticles made of PLGA (a synthetic polymer approved for human use by Food and Drug Administration and European Medicines Agency) are among the most successful vectors for delivery of biomolecules and drugs in the clinical setting. [19] On the other hand, silica nanoparticles are being increasingly explored for both drug delivery and bioimaging applications. [20] We have used RAW 264.7 macrophages for this study because this cell line has emerged as a valuable model for assessing macrophage responses to various stimuli, and their use permits direct comparison to other studies. [21] [22] [23] [24] [25] [26] The changes in the intracellular and extracellular metabolomes of macrophages, at different nanoparticle concentrations and exposure times, were assessed by 1 H NMR analysis of cell extracts and culture media.
Results

Impact of Nanoparticles on Cellular Morphology and TNF-α Release
Qualitative scanning electron microscopy studies were performed on both nanoparticle preparations (Figure 1a ) and nanoparticle exposed cells ( Figure 1b) ; all nanoparticles were spherical, uniform and of the expected size. Cells exposed to nanoparticle preparations at selected concentrations showed substantial differences. Cells were tightly "coated" by silica and silk nanoparticles. Furthermore, silk nanoparticles, besides their tight coating behavior, also showed "loose" packing (Figure 1b, asterisk) . Cells exposed to PLGA nanoparticles showed no signs of cell coating, instead showing loose packing around the cells (Figure 1b ). Loose nanoparticle packing was never observed for silica nanoparticles in any of the examined samples. However, for silk and PLGA nanoparticles, this loose packing was often lost during sample preparation (data not shown), suggesting that these structures were fragile. Higher resolution images showed substantial interaction of silica and silk nanoparticles with the plasma membrane of the RAW 264.7 cells (Figure 2a,b) . Cells exposed to silk nanoparticles showed a range of cell morphologies including a migratory phenotype, with signs of lamellipodium formation (Figure 2b closed arrow) and membrane ruffles (Figure 2b open arrow); these features were absent in the silica-treated cells. Cells exposed to nanoparticles at 10 µg mL −1 showed similar morphologies for all treatment groups ( Figure S1 , Supporting Information) and were indistinguishable from the control cells (Figure 1b) .
The TNF-α release was measured in conditioned medium following exposure of RAW 264.7 cells to nanoparticles ( Figure 2d ). Treatment with any of the nanoparticles at 10 µg mL −1 caused no significant change in TNF-α release when compared to control cultures. However, a silica nanoparticle concentration of 500 µg mL −1 triggered the highest TNF-α release. Significantly lower release was measured for cells treated with PLGA nanoparticles and release was even lower for cells treated with silk nanoparticles (P < 0.01 for PLGA versus silk). The response of RAW 264.7 cells to lipopolysaccharide was used as a positive control. Scanning electron microscopy imaging showed that lipopolysaccharide activation and subsequent TNF-α release was not coupled to changes in cell morphology (Figure 2c,d ).
Impact of Nanoparticles on the Intracellular Metabolome
A typical 1 H NMR spectrum of macrophage aqueous extract (Figure 3) shows contributions from several tens of metabolites, from which nearly 40 were unequivocally identified (Table S1 , Supporting Information). Principal component analysis (PCA) was applied to the spectra to explore data and grouping trends. The main sources of variability accounting for sample distribution in the resulting scores scatter plot ( Figure 4) were culture time and nanoparticle concentration. Indeed, sample scores along PC1, which explained 30% of the variance, were related to culture time, with 24 h samples clustering together in negative PC1 and separating from the 48 and 72 h samples (Figure 4a ). PC2 (explaining 22% of the variance) separated samples exposed to the high nanoparticle concentration (positive PC2) from the controls and the samples exposed to the low nanoparticle concentration (negative PC2) (Figure 4b ). No clustering according to nanoparticle type was apparent, regardless of the PCs being considered.
As culture time appeared to be a key factor, multivariate modeling was conducted for each individual time point. The PCA score plots ( Figure S2 , Supporting Information) allowed two observations, namely (i) the samples exposed to low nanoparticle concentrations overlapped with controls at all times, while separating from high concentration samples along PC1; and (ii) a trend was observed for sample separation according to nanoparticle type, especially at 72 h, where, with the exception of one PLGA sample, three distinct clusters appeared for silk, PLGA, and silica nanoparticle-exposed samples, separated along PC4.
These PCA results were used to construct partial-least squares discriminant analysis (PLS-DA) models for individual time points and each nanoparticle type, considering two classes-control and high nanoparticle concentration-in order to highlight nanoparticle-specific metabolic variations. The low concentration samples were not considered further, as their metabolic profiles were very similar to the controls. The PLS-DA scores and loading plots obtained for 24 h samples are shown in Figure 5 ; the results for 48 and 72 h samples are presented in Figures S3 and S4 (Supporting Information). In all cases, the controls were clearly discriminated from nanoparticle-exposed samples with high robustness (Q 2 > 0.5). Inspection of the loadings explaining sample discrimination along the first latent variable (LV1) allowed ready identification of the main metabolic differences. The 24 h exposure showed loading profiles ( Figure 5 , left) indicating that some effects, such as increases in creatine and phosphocreatine (red-negative loadings) and decreases in aspartate, betaine, and myo-inositol (red-positive loadings), were common to the three nanoparticle types. However, some variations appeared to be nanoparticle-specific. For instance, an increase in glutamine was only observed for silica nanoparticles, whereas glycine showed opposite variations in silk and silica nanoparticle-exposed cells. The loading profiles for 48 and 72 h shared many common features with the 24 h data sets, though a few additional material-specific variations were evident at the later time points (e.g., phosphocholine, glycerophosphocholine; Figures S3 and S4 , Supporting Information).
Spectral integration results were summarized in a heatmap showing the percentage variation to assess the magnitude and significance of differences in individual metabolites for each exposure time and nanoparticle type when compared to controls ( Figure 6 and Table S2 , Supporting Information). Only the metabolites with a representative large effect size (i.e., absolute value >0.8, justified in ref. [27] ) were included.
All nanoparticles caused significant changes in metabolites involved in glycolysis and the tricarboxylic acid (TCA) cycle. In particular, pyruvate was decreased in cells exposed to silk nanoparticles (up to 30%), while lactate was increased in all treated cells (up to 284% in cells exposed to silk and up to 182% and 131% in cells exposed to PLGA and silica nanoparticles, respectively). Itaconate and succinate were also increased, particularly in cells exposed to PLGA nanoparticles.
The intracellular levels of several amino acids were altered in macrophages exposed to nanoparticles. Aspartate, glutamate, alanine, and threonine were consistently decreased in exposed samples, regardless of nanoparticle type (blue patches in the heatmap, Figure 6 ). By contrast, lysine, branched chain amino acids (valine, leucine, isoleucine) and aromatic amino acids (tyrosine, phenylalanine) showed time-dependent increases, which were generally of higher magnitude in cells incubated with silk nanoparticles than with other nanoparticles (orange/ red patches in the heatmap, Figure 6 ). The variations in glutamine and glycine were clearly dependent on nanoparticle type. Glutamine increased significantly in cells exposed to silica nanoparticles for 24 h, followed by normalized levels at longer exposure periods. Silk nanoparticle exposure caused a transient glutamine decrease at 48 h, while PLGA nanoparticle exposure had no effect on glutamine levels. Alterations in glycine included a decrease at 24 h in response to silica nanoparticles and substantial increases at 48 h with silk and PLGA nanoparticles.
The levels of energy-related metabolites were greatly affected in nanoparticle exposed cells. Cellular ATP decreased following exposure to all nanoparticle types for 48 h or longer, while significant increases in creatine (69% to 541%) and phosphocreatine (36% to 482%) were evident, especially for the shorter exposure times. Comparison of the three nanoparticle types revealed that silk and silica nanoparticles produced the greatest change in creatine and phosphocreatine levels, with lesser changes occurring in the cells treated with PLGA nanoparticles. Indeed, after a 72 h exposure to PLGA nanoparticles, the intracellular levels of creatine and phosphocreatine were, respectively, similar or lower relative to controls, highlighting the time-dependent and dynamic nature of the metabolome changes.
Other prominent variations included a consistent decrease in myo-inositol, together with time-and material-dependent variations in choline compounds, taurine and betaine. Phosphocholine and glycerophosphocholine decreased in macrophages exposed to silk or silica nanoparticles, while PLGA nanoparticles promoted an increase in glycerophosphocholine and no change in phosphocholine. Taurine and betaine showed reduced levels in cells exposed to PLGA or silica nanoparticles for 24 h, but increased if exposure was increased to 72 h. 
Impact of Nanoparticles on the Extracellular Metabolome
The cellular metabolism of macrophages exposed to nanoparticles was further analyzed by measuring cell-mediated variations in the culture medium composition (Figure 7 ; Table S3 , Supporting Information). Compared to control cells, macrophages exposed to nanoparticles for 48 h or longer consumed more glucose, thereby decreasing the glucose levels in their respective media. Lactate and itaconate excretion was also higher from exposed cells than from control cells, whereas the release of pyruvate was significantly reduced in cells exposed for 72 h. Citrate excretion was also lower at the same exposure duration, except for macrophages exposed to silica nanoparticles, where citrate levels remained comparable to those of the control cells.
The conditioning medium surrounding exposed cells differed from the control medium with respect to the levels of several amino acids. The control cells consumed glutamine, valine, leucine, isoleucine, and methionine, unlike nanoparticle exposed cells; especially at the 24 h time point, silica nanoparticles induced hydrolysis/consumption of alanyl-glutamine coupled with the corresponding large increases in free extracellular alanine and glutamine (which also increased inside the cells). Extracellular alanine further increased at 48/72 h, indicating its increased excretion by exposed cells. Glycine excretion, on the other hand, only increased in the medium of cells exposed to silk nanoparticles. Note, however, that incubation of medium alone with silk nanoparticles (without cells) did not result in any change in glycine levels. A few amino acids showed invariant levels in control cells (neither consumed nor excreted) but increased their levels in the conditioning medium when the cells were exposed to nanoparticles; these were threonine, lysine, tyrosine, and phenylalanine.
Overall, the nanoparticles-modulated macrophage metabolism that was indicative of the M1-like phenotype. [13, 28] Therefore surface expression of CD80 and cytokine production in response nanoparticles was assessed (Figure 8a,b) . [29] All nanoparticles induced the plasma membrane expression of CD80, with similar levels observed for silica and silk (25% of CD80 positive cells) and significantly higher levels for PLGA (39% of CD80 positive cells); lipopolysaccharide (LPS) served as the positive control (>90% CD80 positive cells). Conditioned cell culture medium from nanoparticle-treated and LPS-treated cells showed upregulation of (proinflammatory) cytokines (Figure 8c ). For example, all nanoparticles and LPS induced substantial increases in IL-1ra, CCL3, and CCL4, but the nanoparticles failed to increase GM-CSF, IL10, and IL6 above the detection limit of this assay.
Discussion
Nanoparticles can be delivered into the body using a range of administration routes (e.g., intravenous, inhaled, subcutaneous, etc.), with the view of evoking the desired therapeutic response. Targeting specific macrophage populations could be part of a therapeutic strategy, or it could simply be an inadvertent consequence of a serendipitous nanoparticle design. Macrophage responses toward nanoparticles depend on multiple factors; these include, but are not limited to, the bulk material and surface modification (chemical and/or physical), as well as particle size, geometry, exposure time, and dose (reviewed in ref. [30] ). Thus, selecting synthetic, inorganic, and biopolymer based nanoparticles for comparative metabolomic assessment can be challenging and, to the best of our knowledge, has not been attempted before.
In this study, we assessed nanoparticles that were in the 100 nm size range because clinically approved (e.g., Abraxane, 130 nm) and emerging (e.g., Bind-014, 100 nm, developed by BIND Therapeutics) nanoparticles for anticancer drug delivery are all within this size range. [1, 31] Furthermore, particles in the 100 nm size range are also capable of efficiently exploiting the enhanced permeation and retention effect for passive tumor targeting. [3] The maximum dose (500 µg mL −1 ) and 72 h exposure time were selected to emulate the clinical pharmacokinetics observed with synthetic nanoparticles in man. [31] In the current study, we worked with nanoparticles made from PLGA, silica, and silk. We selected PLGA because many nanoparticles currently in clinical development use this synthetic polymer; [2, 19] furthermore, PLGA has a track record for use in humans. Silica was selected as an inorganic material. Although there is much excitement about the perceived benefit(s) of silica for nanomedicine applications, [20, 32] its track record is controversial. Previous in vitro and in vivo studies have indicated that silica nanoparticles can readily induce toxicity and alter cellular metabolism. [33] [34] [35] [36] In addition to the synthetic polymer and the inorganic material, we included the biopolymer silk. [37] Over the past decade, silk has emerged as a promising contender for drug delivery applications. [18, 38, 39] First, silk has a track record for use in humans; it is biocompatible and biodegradable. [38, 40] Second, silk can be readily processed into many different formats, including nanoparticles that can be used for lysosomotropic drug delivery. [41] Third, it is possible to fine tune drug release from silk. [41, 42] Furthermore, silk has remarkable properties that stabilize therapeutic proteins, as the nanocrystalline regions in the silk structure perform several functions, including providing a buffering capacity, tailoring water content at the nanoscale and providing physical protection (reviewed in ref. [43] ).
Macrophages exposed to silk, PLGA, and silica nanoparticles showed marked deviations from the basal macrophage metabolic profile. These changes included higher glucose consumption and lactate production, suggesting increased glycolytic activity, as previously reported for macrophages exposed to ultrasmall superparamagnetic particles of iron oxide (USPIOs), [17] airborne particulate matter, [44] or bacterial lipopolysaccharide. [13, 45] The TCA cycle was also clearly affected, especially upon exposure to PLGA nanoparticles, as indicated by significant increases in itaconate and succinate (Figure 9) . Itaconate has been identified in lipopolysaccharide-activated (M1) macrophages [13, 28] and is generated by the decarboxylation of the citrate-derived metabolite cis-aconitate, [46] following a TCA cycle breakpoint at isocitrate dehydrogenase. [47] The functional role of this metabolite has not been fully elucidated, but it is thought to be an important mediator of the immune defense mounted by macrophages. [48] Succinate, which is known to have a proinflammatory role, [49] is also elevated in M1 macrophages, [13] likely in relation to a second TCA cycle breakpoint at succinate dehydrogenase. [47] The observed changes in metabolism suggest a M1-like macrophage phenotype. Upregulation of CD80 expression and cytokine levels (Figures 2 and 8 ) strongly supported the notion that these nanoparticles induced metabolic reprogramming through M1-like macrophage activation. Conceivably, the significant differences in CD80 upregulation and TNF-α secretion seen in response to nanoparticle treatment could have arisen in part due to macrophage heterogeneity, and the extent of activation (i.e., the signaling threshold) quite likely determined the overall biological performance. [50] For example, TNF-α release is influenced by many factors (e.g., material, dose, particle size, etc.); thus, the differences observed here simply serve as an overall performance indicator. [ speculate that the differences in TNF-α are due to the material per se, because we controlled the nanoparticle size, shape, and concentration.
The nanoparticles tested caused profound changes in the levels of several amino acids. Aspartate and glutamate, and to a lesser extent alanine and threonine, were consistently decreased in exposed macrophages, regardless of the nanoparticle type. This could reflect their use in replenishing the TCA cycle, namely through the aspartate arginosuccinate shunt (Figure 9 ). Indeed, this pathway has been shown to fuel the reprogrammed TCA cycle of inflammatory macrophages, playing an important role in their effector functions. [47] Our results also showed that exposed macrophages consumed less glutamine from the medium when compared to control cells. This contrasts with the results reported for lipopolysaccharidestimulated macrophages, where glutamine influx and oxidation were increased, [13] but agrees with a recent study where M1 macrophages showed reduced glutaminolysis. [45] Interestingly, our data further suggested that the effect of nanoparticle exposure on intracellular glutamine metabolism depended on the nanoparticle type: macrophages exposed to silk for 48 h showed decreased glutamine levels, whereas those exposed to silica for 24 h presented higher levels of this amino acid; PLGA nanoparticles had no effect on glutamine levels. The variations in glycine levels were also suggestive of nanoparticle-specific effects. We speculate that intracellular proteolytic degradation of silk nanoparticles is responsible for the increase in glycine because glycine makes up nearly 50% of silk fibroin. [51] However, we currently have no experimental proof for this explanation. All tested nanoparticles induced increases in lysine, branched chain, and aromatic amino acids, which could possibly reflect autophagic protein degradation. Indeed, a variety of nanoparticles have been shown to induce autophagy, leading either to increased cell death or, paradoxically, to promotion of cell survival. [52] In the current study, cellular ATP levels were maintained in the first 24 h of exposure but these levels decreased with longer incubations and with all nanoparticle types. This is consistent ) for different time periods (24, 48 , and 72 h), in relation to controls (color scale reflecting % variation). The criterion for including a metabolite in the heatmap was absolute effect size >0.8 (and standard error < effect size). Statistically significant differences are indicated (*p < 0.05, **p < 0.01).
with the TCA cycle reprogramming described above: first, the inhibition of succinate dehydrogenase (complex II of the respiratory chain) is expected to decrease ATP generation through oxidative phosphorylation; [10] second, as recently shown for lipopolysaccharide-activated macrophages, the itaconate produced by exposed macrophages could abolish mitochondrial substrate-level phosphorylation. [48] Our results further showed huge (up to sixfold) increases in creatine and phosphocreatine in cells exposed for 24 or 48 h, followed by a lower increase or even a decrease at 72 h (depending on the nanoparticle type). Increases in these metabolites were also reported in macrophages activated with lipopolysaccharide [53] or exposed to ultrasmall superparamagnetic particles of iron oxide. [17] Phosphocreatine is a reusable high energy phosphate reservoir and becomes particularly important in situations of high metabolic demand, when the rate of ATP use exceeds its generation by other metabolic pathways. [54] Early work has shown that the differentiation of monocytes into macrophages is accompanied by the expression of creatine kinase and the development of a large phosphocreatine pool, [55] which is rapidly used up during phagocytosis. [56] Hence, our results suggest that macrophages stimulated by nanoparticles rely on the creatine kinase/phosphocreatine system for energy buffering, maintenance of cellular homeostasis and phagocytic function.
Noticeable changes occurred in common osmolytes and/or membrane-related compounds. The decrease in myo-inositolobserved for all nanoparticles and time points and previously reported in macrophages exposed to particulate matter [44] -may reflect the role of this metabolite is osmoregulation and/or in phosphoinositide turnover and cell signaling. Membrane modification was further supported by decreases in phosphocholine and glycerophosphocholine levels in cells exposed to silk or silica nanoparticles, in accordance with observations made for USPIO-exposed macrophages. [17] PLGA nanoparticles did not affect phosphocholine levels and caused an increase in glycerophosphocholine, which may also act as osmoprotectant, in agreement with the less substantial interaction of these particles with the plasma membrane observed by scanning electron microscopy. The initial decrease in taurine and betaine, followed by an increase at 72 h, could reflect the role of these metabolites in maintaining the osmotic balance, as well as their antioxidant activity. Indeed, taurine is especially abundant in inflammatory cells, such as activated macrophages, where it provides protection during processes that generate oxidants. [57] This is plausible because a nanoparticle-mediated M1-like phenotype was observed here.
Conclusion
We assessed the metabolomic response of macrophages toward silk, PLGA, and silica nanoparticles that are in preclinical ) for different time periods (24, 48 , and 72 h), in relation to controls (color scale reflecting % variation). The criterion for including a metabolite in the heatmap was absolute effect size >0.8 (and standard error < effect size). Statistically significant differences are indicated (*p < 0.05, **p < 0.01).
and clinical development for drug delivery applications. The observed upregulation of glycolysis, altered TCA cycle activity (with increased production of itaconate and succinate, and activation of amino acid catabolic routes) together with reduced ATP generation were consistent with a proinflammatory M1-like phenotype. Furthermore, aminoacids possibly derived from autophagy, the creatine kinase/phosphocreatine system and a few metabolites acting as osmolytes and/or antioxidants emerged as important players in the metabolic reprogramming of macrophages exposed to nanoparticles. This metabolic signature was a common response to all nanoparticles tested; however, the direction and magnitude of some variations were clearly nanoparticle specific, indicating material-induced biological specificity. Further metabolomic changes are also expected once a payload is added to the carrier. [58] Overall, this study provides a benchmark for metabolic changes induced by unmodified silk, PLGA, and silica nanoparticles, and demonstrates the value of NMR metabolomics to assess nanoparticleinduced metabolic reprogramming of macrophages.
Experimental Section
Preparation and Characterization of Nanoparticles: Bombyx mori silk was extracted from cocoons and used to manufacture silk nanoparticles, as described previously; [41, 59] silk nanoparticle manufacture is presented in video format in ref. [60] . Briefly, cocoons were cut into 5 × 5 mm pieces, degummed for 60 min and the resulting silk fibres were rinsed in ddH 2 O and air dried. The fibres were then dissolved in 9.3 m LiBr solution at 60 °C for 4 h. This solution was dialyzed (molecular weight cut off 3500) against ddH 2 O to remove the LiBr salt. The resulting aqueous silk solution was cleared by centrifugation and the aqueous silk (5 wt%) solution was added dropwise (20 µL per drop) to acetone, maintaining a >75% v/v acetone volume. The precipitated silk was then centrifuged, the supernatant was aspirated, and the pellet was resuspended in ddH 2 O. After vortexing, the suspension was sonicated twice for 30 s at 30% amplitude with a Sonoplus HD 2070 sonicator (ultrasonic homogenizer, Bandelin, Berlin, Germany). The centrifugation, washing, and resuspension steps for the silk nanoparticle preparation were repeated at least twice more. The final silk nanoparticles were 104 ± 1.7 nm in size and had a zeta potential of −56 mV, determined by dynamic light scattering (Zetasizer Nano-ZS Malvern Instrument, Worcestershire, U.K.) in ddH 2 O, as detailed previously. [59] The silk nanoparticles were stored at 4 °C until use. PLGA (124 ± 0.05 nm, Phosphorex, Hopkinton, MA, USA) and amine-surface modified silica particles (101 ± 7.4 nm, NanoComposix San Diego, CA, USA) were purchased and used as supplied. All cell culture studies used 10 mg mL −1 nanoparticle stocks prepared in ddH 2 O and then diluted in cell culture medium as indicated.
Scanning Electron Microscopy: The nanoparticles were visualized by scanning electron microscopy, as detailed previously. [59] Nanoparticles were diluted with distilled water to a concentration of 1 mg mL −1 . The samples were then pipetted onto a silicon wafer and lyophilized overnight. The specimens were sputter coated with a 20 nm layer of gold using an ACE200 low vacuum sputter coater (Leica Microsystems, Wetzlar, Germany) and analyzed with an FE-SEM SU6600 (Hitachi High Technologies, Krefeld, Germany) at 5 kV and a 40 000-fold magnification. Cell imaging studies were conducted on RAW 264.7 cells seeded onto Figure 8 . Nanoparticle induced M1-like macrophage phenotype. a) Plasma membrane expression of CD80, b) percentage CD80 positive macrophages, and c) expression of cytokines in response to stimuli. All data for 24 h exposure to 500 µg mL −1 nanoparticles and 100 ng mL −1 LPS, respectively. Statistically significant differences are indicated (n = 3, ± SD) (***p < 0.001).
glass coverslips and incubated overnight as detailed below. Cells were then exposed to the desired treatments for 24 h, followed by fixation with 2% v/v glutaraldehyde in phosphate buffer saline (PBS), washing with ddH 2 O twice, dehydration with an increasing ethanol series, and critical point drying (EM CPD300, Leica Microsystems, Wetzlar, Germany), as detailed elsewhere. [61] Samples were then sputter-coated with gold and analyzed by scanning electron microscopy at 5 kV at 2500, 3500, and 4500-fold magnification.
Routine Cell Culture Maintenance: The murine macrophage RAW 264.7 cell line was purchased from ATCC (Manassas, VA, USA). Cells were cultured in Dulbecco's Modified Eagle Medium (containing 4.5 g glucose, 110 mg sodium pyruvate, 10% v/v fetal bovine serum) in a humidified 5% CO 2 atmosphere at 37 °C. The cultures were routinely subcultured every 2-3 d (when they reached 80% confluency) by scraping the cells off the flask and replating them at a split ratio of 2:10 on tissue culture-treated polystyrene (Corning, New York, NY, USA), unless otherwise stated. For nanoparticle macrophage studies cells were routinely seeded at a density of 1.5 × 10 4 cells cm −2 . All cell culture studies were performed in accordance with the best practice guidelines; [62] here, the cells were cultured for up to ten passages and then replaced with a new validated cryostock.
Tumor Necrosis Factor Alpha (TNF-α) Assay: Macrophage TNF-α release was assessed as detailed previously. [59] Briefly, RAW 264.7 cells were seeded and allowed to recover overnight, as described above. The culture medium was then aspirated and replaced with fresh medium containing either (i) 15 ng of lipopolysaccharide (Sigma-Aldrich, St. Louis, MO, USA), (ii) control medium, or (iii) nanoparticles made of silk, PLGA or silica at concentrations of 10 µg mL −1 , and 500 µg mL −1 . Cultures were incubated for 24 h and then the medium was collected and centrifuged at 6000 × g for 5 min. Assay samples were stored at −80 °C and analyzed using a mouse TNF-α DuoSet ELISA (R&D Systems, Minneapolis, MN, USA), according to the manufacturer's instructions. Data were analyzed using GraphPad Prism 5.0b (GraphPad Software, La Jolla, CA, USA). Sample pairs were analyzed with the Student's t test. Multiple samples were evaluated by one-way analysis of variance (ANOVA) followed by Bonferroni's multiple comparison post hoc test or the Dunnett's post hoc tests to evaluate the statistical differences between the samples and controls.
Assessment of Macrophage Activation: Cells were seeded and allowed to recover over night as detailed above. Next, cultures were incubated with nanoparticles (500 µg mL −1 ) for 24 h and then the cells were placed on ice, detached by scraping, harvested into 5 mL falcon tubes and centrifuged at 350 × g at 4 °C for 5 min. Tubes were placed on ice, the supernatant was discarded and cells were resuspended in either (i) control cell staining buffer (1 × PBS, 1% BSA), or (ii) cell staining buffer containing Alexa Fluor 488 (AF488) antimouse CD80 (Biolegend, San Diego, CA, USA, Clone 16-10A1) or AF488 Armenian Hamster IgG Isotype Control (Biolegend, Clone HTK888) for 20 min in the dark. Cells were then washed 3× in cell staining buffer by centrifugation and resuspended in cell staining buffer prior to data acquisition on a BD FACSCanto (Becton Dickinson, San Jose, CA, USA). Flow cytometry data were acquired using BD FACSDiva software (Becton Dickinson, San Jose, CA, USA) and analyzed using FlowJo v10.1 (TreeStar, San Carlos, CA, USA). All flow cytometry histograms and CD80 population values were obtained using FlowJo. Porteome profilers (mouse cytokine array Panel A, R&D Systems, Minneapolis, MN, USA) were used according to the manufacturer's instructions using 24 h conditioned medium (nanoparticles 500 µg mL −1 and 100 ng mL −1 LPS). For the analysis of arrays, blots were threshold adjusted and analyzed using ImageJ 1.38 (National Institutes of Health, Bethesda, USA).
Sample Collection for Metabolomics: For metabolomics studies RAW 264.7 cells were seeded as detailed above and allowed to recover overnight. The cells were then exposed to low (10 µg mL −1 ) and high (500 µg mL −1 ) nanoparticle concentrations for up to 72 h. Cell extracts were prepared as detailed elsewhere. [63] Briefly, at the desired time points, cells were placed on ice and kept at 4 °C throughout. The culture medium was collected, Figure 9 . Diagram of main metabolic changes reflecting reprogramming of glycolysis and the TCA cycle in macrophages exposed to nanoparticles. The arrows indicate increases/decreases in relation to control cells. Metabolites in italic showed nanoparticle-dependent variations. IDH, isocitrate dehydrogenase; SDH, succinate dehydrogenase.
clarified by centrifugation, lyophilized and stored at −80 °C until further use. The cells were washed with ice-cold PBS, quenched by addition of 650 µL methanol 80% v/v cooled to −20 °C, scraped off the dish and collected in an Eppendorf tube. Next, 260 µL of CHCl 3 at −20 °C was added to the tube and vortexed, followed by addition of 260 µL of −20 °C cooled CHCl 3 and 220 µL of ddH 2 0 to each sample. The samples were vortexed, allowed to rest on ice for 10 min, and then centrifuged at 2000 × g for 15 min. The aqueous and lipid phases were collected; the aqueous sample was dried under a stream of N 2 and the organic phase was allowed to evaporate in a fume hood. All samples were stored at −80 °C until analysis.
NMR Spectroscopy: NMR analyses were conducted on dried medium samples and aqueous extracts after reconstitution in 600 µL of deuterated phosphate buffer (100 × 10 −3 m, pH 7.4) containing 0.1 × 10 −3 m 3-(trimethylsilyl)propionate sodium salt, (TSP)-d 4 . A 550 µL volume of each sample was transferred into 5 mm NMR tubes. NMR spectra were acquired on a Bruker Avance DRX-500 spectrometer operating at 500.13 MHz for 1 H observation, at 298 K, using a 5 mm probe. Standard 1D 1 H spectra with water presaturation (pulse program "noesypr1d" in the Bruker library) were recorded with a 7002.8 Hz spectral width, 32 k data points, a 4 s relaxation delay and 256 scans. Spectral processing comprised exponential multiplication with 0.3 Hz line broadening, zero filling to 64 k data points, manual phasing, baseline correction, and chemical shift calibration to the TSP signal at 0 ppm. 2D 1 H-1 H total correlation (TOCSY) spectra, 1 H-13 C heteronuclear single quantum correlation spectra, and J-resolved spectra were also registered for selected samples to assist spectral assignment. The main acquisition and processing parameters for these experiments are provided in Table S4 (Supporting Information) .
Spectral Assignment: Metabolites were identified with the aid of 2D spectra ( Figure S5 , Supporting Information) and the spectral reference databases BBIOREFCODE-2-0-0 (Bruker Biospin, Rheinstetten, Germany) and HMDB. [64] The changes in RAW 264.7 conditioned medium in response to nanoparticles were assessed by establishing baseline values for tissue culture substrate conditioned medium and for RAW 264.7 conditioned medium (i.e., in the absence of nanoparticles). These control baseline data sets were then used to identify nanoparticlespecific changes in the conditioned culture medium. Also, medium samples incubated with nanoparticles (without cells) were analyzed to discard changes caused by direct interaction of nanoparticles with medium components.
Multivariate Analysis and Spectral Integration of NMR Spectra: Spectra were exported from Amix-Viewer (version 3.9.14, BrukerBiospin, Rheinstetten) and normalized by total spectral area. Using SIMCA-P 11.5 software (Umetrics, Umeå, Sweden), the resulting data were scaled to Unit Variance (UV), giving equal variance to all variables. PCA and PLS-DA were then applied after exclusion of suppressed water and contaminant signals (e.g., methanol, chloroform), with a sevenfold internal cross validation, from which Q 2 and R 2 values, reflecting predictive capability and explained variance, respectively, were extracted (SIMCA-P 11.5, Umetrics, Sweden). Selected signals in the 1D spectrum were integrated using Amix-Viewer (version 3.9.14, BrukerBiospin, Rheinstetten) and normalized by the total spectral area.
For each metabolite, the percentage variation in nanoparticle-exposed samples was calculated relative to controls, together with the effect size adjusted for small sample numbers, and the respective standard errors. [27] The metabolite variations of large magnitude, i.e., with an absolute effect size greater than 0.8, [27] were expressed in a heatmap colored as a function of % variation using the R-statistical software. The difference between the means of two groups (control and exposed) was assessed using the nonparametric Wilcoxon rank sum test with continuity correction (confidence level 95%).
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. All data supporting this research are openly available from http://dx.doi.org/10.15129/39e5d0a1-65e7-4148-9990-32cb0f40d586.
